A triangular shaped liquid crystal network is shown to undergo a continual, rocking chair-like oscillatory chaotic motion upon exposure to a surface of constant temperature. With the addition of an azobenzene chromophore, dual response is achieved, extending the actuation freedom towards a film that shows rocking and rolling motion.
Materials that undergo stimuli-triggered and self-sustained oscillatory motion are extensively pursued for applications in medicine and soft robotics. 1, 2 Self-oscillating systems in nature, including the heartbeat, are a constant inspiration for the development of advanced stimuli-responsive materials. 3 Autonomous motions in polymers have been realized by utilizing variations in ambient humidity, 4, 5 light, 6 chemo-mechano-chemical effects 7 and oscillating chemical reactions in gels such as the Belousov Zhabotinsky (BZ) reaction. 8, 9 The continuous self-sustained motion in polymers frees the devices from the dependence of on/off switching of external stimuli, and could dramatically expand the range of applications for soft actuators, including in the areas of autonomous motors 10 and artificial muscles. 11 Selfsustained motions in polymer actuators are often a result of feedback loops that couple material properties and external stimuli in synchronism.
The versatility of LCNs has allowed for the development of soft actuators capable of bending, [12] [13] [14] rolling, 15 'walking' [16] [17] [18] and helical twisting in a dry environment. 19, 20 Over the past few decades light, 21-23 heat 12 and humidity 24 have been used as the main triggers. In LCNs, feedback loops arising from humidity variations 25 or light-triggered deformation and self-shadowing have been exploited to generate oscillatory motion upon exposure to a constant high intensity light 6, [26] [27] [28] [29] and have led to the design of continuous walkers/rollers. 16 Even though the reported light triggered oscillations in LCN cantilevers are rooted in photothermal deformations and self-shadowing, solely thermally-fueled continuous motion is still undocumented for LCN actuators. Fully temperature-triggered continuous actuation was documented for a semi-crystalline random copolymer upon exposure to a heated surface. 30 Upon partial phase transition, a thermo-mechano feedback loop is generated which results in the self-sustained motion of the material. More recently, a thermo-mechano electrical bilayer system was reported consisting of a three-dimensionally aligned ferroelectric polyvinylidene fluoride (PVDF) and polydopamine modified reduced graphene oxide-carbon nanotube layer capable of autonomous motion driven by heat. 31 Here, we present a free-standing LC actuator demonstrating unexpected self-sustained oscillating motion initiated by contact with a heated surface as the only stimulus, Fig. 1A and C. We document geometry-specific motions for the polymer film, with triangular and parallelepiped shapes exhibiting unusual selfsustained oscillations resembling a rocking chair, as the polymer film oscillates between two extreme states, rocking from tip to base in an irregular fashion. By the example of the triangular shaped film and through a finite element analysis, we propose the mechanism for the self-oscillation of the material with an insight into factors affecting the movement. Furthermore, with the addition of an azobenzene chromophore in the LCN, dual light/heat response is achieved, extending the actuation freedom of the material towards polymer films that show rocking and rolling motion.
The anisotropic shape of LC molecules can be utilized to create macroscopic deformations in polymer films through controlled molecular alignments. 12 For the actuator presented here, a self-assembling, splay aligned triangle shaped LCN is used with one side aligned parallel to the surface and the other perpendicular (planar and homeotropic alignment, respectively), see Fig. 1A .
The LCN is produced by photopolymerization of two LC monomers, a monoacrylate, 2, (40.5 mol%) and a diacrylate, 1, (56.5 mol%). Light responsivity was achieved with the addition of a commercially available photothermal azobenzene chromophore with a fast cis-trans isomerization, 3 (see Fig. 1B ). The LCN is produced by filling custom-made cells composed of two glass slides coated with differing polyimide layers (one slide planar, the other homeotropic), see ESI † for experimental details. The glass slides are separated by 20 mm diameter glass bead spacers incorporated into the glue to achieve controlled cell thickness. Cells filling is done at 95 1C, at which the LC mixture is isotropic and after cooling the polymer film is polymerized at 80 1C, at which temperature the LC mixture is nematic (see Fig. S1 , ESI †). The elevated polymerization temperature gives the films a pre-bent shape at room temperature due to increased molecular order at lower temperature: upon cooling to room temperature from the more disordered state, the molecular order increase leads to contraction perpendicular to the molecular director and expansion parallel to the molecular director ( Fig. S2 , ESI †); this causes the homeotropic side of the splay to be on the inside of the film's pre-bent shape. Subsequent thermal treatment at 120 1C for 10 minutes releases thermal stresses arising from polymer shrinkage during polymerization. After polymerization, the cell was opened, and the films are peeled from the glass.
Curiously, we observe a thermally fueled oscillatory motion when the equilateral triangle splay film is placed with its homeotropic surface in contact with a hot plate set between 70-80 1C. Upon contact with the heated surface, the film's extremities are lifted off the heated surface, creating a curved geometry in which a localized contact line is established between the film and the hot plate, Fig. 1C (i-ii). Subsequently, a rapid back-and-forth rocking motion commences and is sustained, Movie S1 (ESI †) and Fig. 1C (iii-vi). Further increasing the temperature to the material's glass transition temperature (83 1C) stops the continual motion as the material undergoes plastic deformation. Also, no rocking motion is observed when the heated surface is below 70 1C; at a temperature between 45-70 1C the extremities of the film raise above the surface, but no oscillatory motion is initiated and when the temperature is below 45 1C no consequential motion is observed. When placed with its planar side contacting the hot plate (between 70-80 1C), the film uncurls and straightens onto the surface, showing no further motion, Fig. S3 (ESI †). More information on the nature of thermally induced oscillations is obtained by tracking the displacement of one of the film's extremities in time. Tracking of the triangular film's tip displacement when the film initiates oscillatory motion, (Fig. 2) shows that the rocking motion does not follow an obvious harmonic motion; instead displaying a semi-random displacement. During rocking motion, the film oscillates from two extreme positions and the triangular shape shows different degrees of curvature at each extreme. Irregularities in the displacement are more commonly observed during the reverse motion. The forward motion, from point i to ii in Fig. 2B , is more consistent with an average tip speed of 7.2 cm s À1 (AE17%).
We have observed that the geometry of the LCN film is important for the oscillatory motion to be sustained. A rectangular or square splay film of the same composition deforms similarly to the triangular film upon initial contact of the homeotropic surface with the hot plate between 70-80 1C, with the edges lifted off the surface and the establishment of a contact line. However, the subsequent deformation results in a toppling of the film onto the planar surface which will not initiate further motions and the film remains nearly flat on the surface, Movie S2 (ESI †). Despite the similar geometry to a rectangle, a parallelepiped (with similar dimensions), does not show immediate toppling but oscillatory motion similar to the triangular shape, Movie S3 (ESI †). The oscillatory motion of shape-specific LCNs is rooted in both the temperature-triggered shape deformations and in a steep thermal gradient between the contact line of the film with the hot plate and it's raised extremities. We propose that after establishment of the contact line between the film and the heated surface, the geometry of the raised extremities cannot be mirror images of each other for oscillation, as is the case for a rectangular/square film. For a parallelepiped, comparison across the contact line does not present a mirror image of the raised extremities and most likely this condition prevents immediate toppling of the film and results in rocking motion.
Thermal actuation of the polymer film in an oven from room temperature to 90 1C leads to a reversible thermally driven deformation with three main deformation shapes: below, at, and above T f , Fig. S4A (ESI †) . At room temperature, the network is bent, with the homeotropic side of the splay on the inside of the curl; upon heating the network, the film extends to a flat shape (observed at 60-65 1C), followed by bending in the opposite direction, with the planar side now inside the curl (Fig. S4B, ESI †) . Upon heating the LCN, one side displays volumetric expansion parallel to the surface (homeotropic side), and the other anisotropic contraction (planar side), resulting in macroscopic bending. Thermal imaging reveals that while the triangular film undergoes oscillatory motion on a hot plate, tipping from tip to base, steep thermal gradients are present along the film's length, Fig. S4C (ESI †) . The temperature variations follow a linear decrease with increasing distance from the contact line, going from above 70 1C at the contact line to 33 1C at the tip's extremity, Fig. S4D (ESI †).
To gain insight into the mechanism driving the self-sustained oscillations, a finite element model was developed. We model the LCN as a three-layered system, with individual layers as different alignment domains: homeotropic, intermediate (451 tilt) and planar. The simulations incorporate the temperature response of the network as well as a temperature distribution along the length of the films. In the modelled system, we apply a piecewise linear distribution of the temperature variation as a function of the position of the contact line between the film and the heated surface. Simulations show triangular films to undergo chaotic oscillatory motion with similar tip displacement amplitudes to experimental observations, Fig. 3A and Movie S4 (ESI †). Furthermore, simulations demonstrate that the location of the contact line rapidly changes during rocking motion, with variation between situation depicted in Fig. 3B (i and ii) being the timescale of one oscillation.
We observe the effective thermal gradient over the film's length varies with shifting location of the contact line at different stages of the rocking motion, Fig. 3B . Zones near the contact line experience large variations in temperature, causing localized thermal strain. Localized cooling in regions becoming distal to the now-shifted contact line leads to strain relaxation in these locations. The variation in temperature and relaxation of thermal strain, primarily in the immediate vicinity of the contact line (note the minimal changes of the tip temperatures during the rocking), leads to different degrees of bending as a function of local temperature (Fig. S4A, ESI †) , unbalancing the bent triangular film and shifting the film's center of gravity. The shifting center of gravity, fueled by local deformation and the location of the contact line results in rocking between two unstable states, iv and vi in Fig. 1C .
Experimentally, we observe that even asymmetric shapes occasionally undergo toppling motion and termination of the feedback-loop. The toppling motion follows an oscillation with unusually high amplitude. It is likely that a threshold value for oscillation amplitudes (A t ) exists, which when surpassed causes the film to undergo toppling. The magnitude of the threshold amplitude depends on shape asymmetry; a higher degree of asymmetry shows higher A t values, allowing for higher amplitude of rocking without toppling. We have simulated a triangle that experiences an oscillation amplitude exceeding A t , and it exhibits a toppling motion similar to objects with lower degrees of asymmetry, such as rectangles or squares, Movie S5 (ESI †). We propose that for self-sustained oscillations to be maintained, the system must display a unique interplay between shape asymmetry and temperature profile, primarily intimate to the contact region.
A step-wise schematic of mechanical deformations leading to the feedback loop for the sustained oscillations is depicted in Fig. 1C . When the film is placed with the homeotropic surface in contact with the hot plate above T f , it curls, with opposite concavity to its pre-bent shape at room temperature step i and ii in Fig. 1C . This curling causes the extreme edges of the film to lift from the heated surface, and a localized contact region between the film and hot plate is established, creating a thermal gradient along the raised section length Fig. 1C (ii) . Upon cooling, these regions experience strain relaxation and change their degree of bending, unbalancing the structure causing tipping towards one side, Fig. 1C (iii) . This changes the contact line between the film and hot plate, altering the thermal gradient, causing immediate local heating in this new contact area. Consequently, the area previously heated now cools, Fig. 1C (v) , and undergoes an identical sequence of bending events, setting in motion the self-sustained feedback loop, Fig. 1C (iii and iv) .
Actuation of the triangular film by light while still on the heated surface results in a film that can be made to rock and additionally roll, with temperature triggering the rocking motion and light activating rolling. Exposure of the LCN to blue light causes localized heating of the film where light is incident, due to the light absorption of the azobenzene dye. The light triggered bending actuation of LCNs doped with such photothermal azobenzenes as dye 3 has been elucidated in previous work. 32 To demonstrate this additional rolling action, during the rocking motion, a triangular LCN is exposed to a collimated (455 nm, corresponding to the absorption of the azobenzene, Fig. S5 , ESI †) light emitting diode (LED) positioned at an oblique angle. This illumination induces the film to begin a directed rolling motion, Fig. 4 and Movie S6 (see ESI † for a full description of the rolling motion). The directed rolling motion results in the displacement of the film over the heated surface.
We disclose a novel, continuous rocking motion of an LCN initiated and sustained simply by a constant heat source located below the device. Via a combination of local actuation, geometric shape, and thermal gradients, various bending directions are found within proximity in the same film, resulting in continual overbalancing of the structure, and manifested as a self-sustained rocking motion. Through finite element simulations, we have shown that the sustained oscillations are geometry dependent and that temperature specific deformations propel the oscillatory motion. By further including a photo-responsive molecule, the actuator can be made to rock and roll, showing that the combination of dual responsiveness in a simple device can result in the generation of complex motions which can be manipulated and self-sustained.
